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METHOD OF OPERATING AN APPARATUS FORWIRELESSLY TRANSMITTING ELECTRICAL

POWER IN THE DIRECTION OF AN ELECTRICAL CONSUMER AND SYSTEM

(57)  Method of operating an apparatus (100) for wire-
lessly transmitting electrical power in the direction of an
electrical consumer (200) by means of inductive cou-
pling, wherein the apparatus (100) comprises:

- arectifier (108) for generating a DC Voltage (Us) based
on an alternating mains voltage,

-aninverter (102) being supplied by the DC voltage (Us),
the inverter (102) being adapted to generate a pulse width
modulated control signal (As), and

- a transmitter coil (101) being supplied with the pulse

width modulated control signal, wherein the transmitter

coil (101) is adapted to generate an alternating magnetic

field being used to wirelessly transmit the electrical power

in the direction of the electrical consumer (200),

the method comprising the steps:

- determining a first characteristic frequency f; 4 of an
oscillating circuit (103) comprising the transmitter coil
(101), while the electrical consumer (200) is not induc-
tively coupled to the transmitter coil (101),

- determining a second characteristic frequency fy , of
the oscillating circuit (103) comprising the transmitter coil
(101), while the electrical consumer (200) is inductively
coupled to the transmitter coil (101) and an electrical load
(204) of the electrical consumer (200) is deactivated, and
- operating the apparatus (100) depending on a frequen-
cy difference Af, =fy 1 -fp 5.
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Description

[0001] Theinventionisbasedonthe objectof providing
a method for operating an apparatus for wirelessly trans-
ferring electrical energy or power in the direction of an
electrical consumer by means of inductive coupling and
a corresponding system which enable operation that is
as reliable and flexible as possible.

[0002] The method serves for operating an apparatus
for wirelessly transferring electrical energy or power in
the direction of an electrical consumer by means of in-
ductive coupling, also referred to as Wireless Power
Transfer, WPT. The method may also serve for operating
a system comprising the apparatus and the electrical
consumer. With regard to the principles concerning WPT,
reference should also be made to the relevant technical
literature. Preferably, the apparatus is operated in ac-
cordance with the WPC (Wireless Power Consortium) Ki
(Cordless Kitchen) method.

[0003] The apparatus for wirelessly transferring ener-
gy in the direction of an electrical consumer by means of
inductive coupling can also be referred to as a transmitter,
and the electrical consumer can be referred to as a re-
ceiver or wireless appliance.

[0004] The apparatus comprises a conventional sin-
gle-phase or polyphase rectifier for generating a DC volt-
age from an in particular sinusoidal power supply system
voltage or alternating mains voltage.

[0005] The apparatus comprises an inverter fed from
the DC voltage. The inverter can be for example a half-
bridge inverter or a full-bridge inverter. The inverter is
configured to generate a pulse-width-modulated control
or drive signal, in particular in the form of a pulse-width-
modulated control voltage.

[0006] The apparatus comprises a conventional trans-
mitter coil being supplied with the pulse width modulated
control signal. The transmitter coil is adapted to generate
an alternating magnetic field based on the pulse width
modulated control signal, wherein the alternating mag-
netic field is used to wirelessly transmit the power in the
direction of the electrical consumer.

[0007] The method comprises the following steps: de-
termining a first characteristic frequency f, 4 of an oscil-
lating circuit comprising the transmitter coil, while the
electrical consumer is not inductively coupled to the
transmitter coil, determining a second characteristic fre-
quency f; 5 of the oscillating circuit comprising the trans-
mitter coil, while the electrical consumer is inductively
coupled to the transmitter coil and an electrical load of
the electrical consumer is deactivated or decoupled, and
operating the apparatus depending on a frequency dif-
ference Af, =1, 4-fy ». The electrical load of the electrical
consumer is typically activated/deactivated by means of
electrical switching means, e.g. in form of semiconductor
switches, relays, etc. The electrical load may e.g. be em-
bodied as an electrical heating element, an electric mo-
tor, etc. The electrical load does in particular not include
typical low power supplies or small electrical loads of the
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receiver, e.g. for a user interface or further auxiliary func-
tions of the receiver, as these loads are typically high
ohmic loads, which do not relevantly effect the transfer
function.

[0008] According to an embodiment, the method com-
prises the step: determining a third characteristic fre-
quency f, 5 of the oscillating circuit comprising the trans-
mitter coil, while the electrical consumer is inductively
coupled to the transmitter coil and the electrical load of
the electrical consumer is activated, and operating the
apparatus depending on a frequency f ;. = fy 3 + Af..
[0009] According to an embodiment, the method com-
prises the step: estimating a characteristic of a transfer
function P(f) depending on the frequency f.,. and de-
pending on design parameters of the electrical consum-
er. The transfer function P(f) specifies or denotes an elec-
trical power transmittable by the apparatus depending
on an operating frequency of the apparatus. The design
parameters of the electrical consumer specify electrical
and/or mechanical properties of the electrical consumer.
[0010] The design parameters of the electrical con-
sumer may e.g. be or include a receiver load quality fac-
tor:

_ 2nfsLg
Q_PRX R

L

whereinfis aresonantfrequency of areceiver oscillating
circuit of the electrical consumer, L is an inductance of
the receiver oscillating circuit, and R, is a resistance of
the receiver oscillating circuit.

[0011] According to an embodiment, the characteristic
of the transfer function P(f) specifies or denotes if the
transfer function P(f) has one peak or two peaks.
[0012] According to an embodiment, the method com-
prises the step: setting a frequency and/or a duty cycle
of the pulse width modulated control signal for transmit-
ting power depending on the characteristic of the transfer
function P(f).

[0013] According to an embodiment, the method com-
prises the step: determining an impedance at the third
characteristic frequency f; 3, wherein the frequency
and/or the duty cycle ofthe pulse width modulated control
signal is set for the transmission of power depending on
the impedance at the third characteristic frequency f; 5
[0014] According to an embodiment, the frequency of
the pulse width modulated control signal is set in a fre-
quency range of the third characteristic frequency fy 5 or
in the frequency range higher than a frequency of a sec-
ond peak of the transfer function P(f) depending on an
impedance at the third characteristic frequency f; 5.
[0015] According to an embodiment, the first charac-
teristic frequency f; 4, the second characteristic frequen-
cy fy , and the third characteristic frequency f,, 5 are de-
termined as the frequency for which a current flowing in
the oscillating circuitis in phase with the pulse width mod-
ulated control signal.
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[0016] According to an embodiment, the first charac-
teristic frequency fy ¢, the second characteristic frequen-
cy fy , and the third characteristic frequency f, 3 are de-
termined as the frequency for which compared to other
frequencies a maximum current is flowing in the oscillat-
ing circuit. The first characteristic frequency f, 4, the sec-
ond characteristic frequency f, , and the third character-
istic frequency f ; may e.g. be the respective resonant
frequency of the oscillating circuit under the respective
coupling condition.

[0017] According to an embodiment, the step of deter-
mining the first characteristic frequency f; 4, the step of
determining the second characteristic frequency f, ,and
the step of determining the third characteristic frequency
fo 3is performed while a level of the DC Voltage is below
120 V, in particular below 30 V.

[0018] According to an embodiment, the method com-
prises the step: applying a stimulus signal having a pre-
determined frequency spectrum to the oscillating circuit.
The stimulus signal may e.g. be formed as a short voltage
pulse having awide and approximately constant frequen-
cy spectrum over a given frequency range. At the first
characteristic frequency fO_1, at the second character-
istic frequency f0_2 and at the third characteristic fre-
quency f0_3 a frequency spectrum of the resulting cur-
rent flowing in the oscillating circuit has its maximum val-
ue. The frequency spectrum may e.g. be determined by
a FFT analysis of the current flowing in the oscillating
circuit or in the coil.

[0019] The system comprises an apparatus for wire-
lessly transmitting electrical power in the direction of an
electrical consumer by means of inductive coupling, the
apparatus comprising: a rectifier for generating a DC
Voltage based on an alternating mains voltage, an in-
verter being supplied by the DC voltage, the inverter be-
ing adapted to generate a pulse width modulated control
signal, and a transmitter coil being supplied with the pulse
width modulated control signal. The transmitter coil is
adapted to generate an alternating magnetic field being
used to wirelessly transmit the electrical power in the
direction of the electrical consumer. The system further
comprises an electrical consumer. The apparatus and
the electrical consumer are respectively adapted to per-
form a method according to one of the preceding claims.
[0020] The invention is suitable for Ki Wireless Power
for Kitchen appliances. Providedis e.g. a method for pow-
er control identifying suitable operating parameters to
drive the inverter when starting transmitting power or in
case of changing power setpoints. Electrical and/or me-
chanical design parameters from the electrical consumer
or receiver may be communicated to the apparatus.
[0021] According to the invention, the frequency differ-
ence Af,=f, |-, , considers the frequency shift caused
by magnetic coupling effects of the electrical consumer
placed in proximity of the transmitter coil effecting the
transmitter resonance frequency and the transfer func-
tion P(f) of power towards the electrical consumer. The
frequency difference Af,, is used to determine adequate
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operating parameters of an (operating) frequency f_op
and an (operating) duty cycle (pulse duty factor) to start
power transfer and/or to adjust power after a requested
change in the electrical power to be transmitted.

[0022] According to the invention, a characteristic fre-
quency is measured under various conditions which are
at least (1) without presence of any electrical consumer
or other objects above the transmitter coil, (2) the elec-
trical consumer placed above the transmitter coil with
disconnected electrical load, and (3) the electrical con-
sumer placed above the transmitter coil with connected
electrical load.

[0023] The measurement (1) without receiver can be
done as calibration during the manufacturing or after the
apparatus is placed in operation. The measurement (1)
can e.g. be performed when some surface detection
method determines that no electric or magnetic object is
placed on the transmitter surface.

[0024] To determine or measure the characteristic fre-
quencies for the conditions (1) to (3) the inverter or con-
verter may be driven with a phase angle close to 0° be-
tween a current through the transmitter coil and the pulse
width modulated control signal generated by the inverter.
APLL may be used to force the current through the trans-
mitter coil to be in phase with the pulse width modulated
control signal generated by the inverter. Alternatively, or
additionally, to determine or measure the characteristic
frequencies for the conditions (1) to (3), a frequency
sweep may be performed to find the characteristic fre-
quency causing a peak current through the transmitter
coil. The measurement of the characteristic frequencies
for the conditions (1) to (3) may be performed at a low
DC voltage around zero crossing of the alternating mains
voltage.

[0025] Then, the frequency difference Af, =y 4 -fy »
is calculated as a compensation factor. T
[0026] The specific frequency f, . = fy 3 + Af together
with design parameters of the electrical consumer, which
are e.g. communicated from the electrical consumer to
the apparatus after placement of the electrical consumer
at a dedicated position, are used to estimate character-
istics of the transfer function in form of a coupling factor,
in form of if the transfer function has one or two peaks,
and in form of a frequency f; of the second peak, if any.
[0027] A currentand/oranimpedance atthe frequency
fg 3 may be measured. Based on the current and/or the
impedance at the frequency f, 5 and a desired power
level to be transmitted, i.e. a povVer level setpoint, in con-
junction with the estimated characteristic of the transfer
function it can be decided to set an operating frequency
at/near the first resonance frequency or second peak fre-
quency, if any. Further, based on the current and/or the
impedance at the frequency f; 5 and the desired power
level to be transmitted in conjunction with the estimated
characteristics of the transfer function a start (operating)
frequency f_op and a start duty cycle DC_op for the de-
sired power level to be transmitted may be calculated.
[0028] The invention proposes to measure at least 3



5 EP 4 443 700 A1 6

times a characteristic (resonance) frequency under var-
iable conditions, to combine the measurement results
with information on the design of the electrical consumer
received e.g. in start-up messages of the electrical con-
sumer in order to achieve a good approximation of rele-
vant points of the actual transfer function and to decide
on adequate operating points to start the power transfer.
[0029] The measurements ofthefirstand of the second
characteristic frequency fy 1 and fy , allow to compen-
sate effects from receiver ferrites (flux concentrator) to
the transmitter coil. The measurement of the third char-
acteristic frequency f; ; denotes the characteristic reso-
nance frequency. The frequency . = fy 3+ Af, is used
to determine relevant characteristics of the transfer func-
tion.

[0030] Thefrequencyf.,indicatesif the transfer func-

tion has double peaks (fy and f;) or a single peak (fo) as
fzalc includes information on actual coupling. Further, the

frequency f,. gives an approximation for a second res-

2nfiLg
L

Q_PRx =
onance f; at a higher frequency.
may be calculated from data received by the electrical
consumer and allows adjustment of measured fy 5 Fur-

ther, Q_PRXx indicates an achievable power at f;.

[0031] The current (and voltage) may be measured
during the measurement of the characteristic frequen-
cies, so thatanimpedance Z(f, ;) canbe calculated. The
impedance Z(f, 3) determines the transmittable power
P(fy 3) based on a duty cycle of 50%. First P(fy 3) may
be used together with P(f;) to take decision whether an
operating frequency fop for a desired power level to be
transmitted is in the frequency range of f; 5 orin the fre-
quency range of f;. Further, the impedance Z(fy 3)allows
to estimate a start duty cycle as a reasonable share con-
sidering the desired power level to be transmitted and
P(fy 3) and P(fy).

[0032] According to the invention, the cross effect be-
tween the transmitter and the receiver caused by the
proximity of their ferrites is determined. The transmitter
inductivity is increased by the receiver ferrites if they are
in the operating volume of the transmitter magnetic field.
The same effect occurs in the opposite direction as the
receiver inductivity increases caused by the proximity of
the transmitter ferrites. This cross effect shifts the effec-
tive transfer function towards lower frequencies. The
cross effect is affected by distance, misalignment, size
and position of ferrites and the transfer function may be
effected significantly. First, the peak frequencies are
shifted, wherein some high power transfer towards the
receiver is possible. Additionally, coupling and the char-
acteristic of the transfer function may change from single
to double peak characteristic. The invention enables to
determine the cross effect caused by the receiver ferrites
onto the transmitter inductivity. The determined cross ef-
fect together with known parameters on the electrical de-
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sign of the receiver allow to conclude onto the effective
coupling between transmitter and receiver coils, the ex-
istence of a second resonance peak of the transfer func-
tion and some good estimation on its frequency f1. The
invention offers a decision criteria for determining some
preferable starting frequency for operation in order to
guarantee fast and effective settling to a desired power
level.

[0033] The invention is described in detail hereinafter
with reference to the drawings. In the figures:

Figure 1 shows a block diagram of a system com-
prising an apparatus for wirelessly transmit-
ting electrical power in the direction of an
electrical consumer by means of inductive
coupling and the electrical consumer,
Figure 2a  shows a first curve depicting a current flow-
ing in a transmitter coil of the apparatus de-
pending on the frequency while the electri-
cal consumer is not inductively coupled to
the transmitter coil, and shows a second
curve depicting a current flowing in the
transmitter coil of the apparatus depending
on the frequency while the electrical con-
sumer is inductively coupled to the trans-
mitter coil and an electrical load of the elec-
trical consumer is deactivated,

Figure 2b  shows transfer functions P(f) specifying an
electrical power transmittable by the appa-
ratus towards the electrical consumer de-
pending on a frequency while the electrical
consumer is inductively coupled to the
transmitter coil and the electrical load of the
electrical consumer is activated, and
Figure 3 shows a set of curves specifying a receiver
load quality factor Q_PRx depending on a
specificfrequency f . for different coupling
factors between the apparatus and the
electrical consumer.

[0034] Figure 1 shows a block diagram of a system
1000 comprising an apparatus 100 for wirelessly trans-
mitting electrical power in the direction of an electrical
consumer 200 by means of inductive coupling and the
electrical consumer 200.

[0035] The apparatus 100 comprises a rectifier 108 for
generating a DC voltage Us from a conventional grid volt-
age Uy of an AC voltage grid 300.

[0036] The apparatus 100 furthermore comprises an
inverter 102 fed from the DC voltage Us comprising
switching means 109 and 110, which is designed to gen-
erate a pulse-width-modulated control signal Ag having
an adjustable frequency f and an adjustable duty cycle.
[0037] The apparatus 100 further comprises capaci-
tors 104, 105, which are connected in series between
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output terminals of the rectifier 108 or the DC voltage Us,
respectively.

[0038] The apparatus 100 further comprises a trans-
mitter coil 101 being supplied with the pulse width mod-
ulated control signal As, wherein the capacitors 104, 105
and the transmitter coil 101 are interconnected in such
a way that they form a resonant circuit 103. For this pur-
pose, one terminal of the transmitter coil 101 is electrically
connected to a connecting node of the semiconductor
switching means 109, 110 of the inverter 102 and another
terminal of the transmitter coil 101 is connected to a con-
necting node of the capacitors 104, 105.

[0039] It is apparent that the illustrated inverter and
resonant circuit topology is solely exemplary. For exam-
ple, an inverter having a full bridge can be used in the
scope of the present invention, differently interconnected
series or parallel resonant circuits can be used, etc.
[0040] A magnetic alternating field for transferring the
energy is generated by means of the transmitter coil 101.
[0041] The apparatus 100 further comprises a commu-
nication unit 111, which is coupled to a communication
coil 112 of the apparatus 100. The communication unit
111 in conjunction with the communication coil 112 is
used for bidirectional data exchange with the electrical
consumer 200. In particular, design parameters of the
electrical consumer 200 are communicated to the appa-
ratus 100 by means of the bidirectional data exchange.
[0042] The apparatus 100 further comprises a control
unit 116, which is designed to control a power transmitted
by the inverter 102 to a predeterminable setpoint value,
wherein a frequency f and/or a duty cycle of the control
signal A4 is/are used as manipulated variable.

[0043] The electrical consumer 200 comprises a re-
ceiving coil 201 having ferrites and a passive LC resonant
circuit 202 connected down-stream.

[0044] The electrical consumer 200 further comprises
a switching unit 203 for activating or deactivating an elec-
trical load 204, i.e. connecting or disconnecting the elec-
trical load 204 to the passive LC resonant circuit 202.
The electrical load 204 of the electrical consumer 200 is
shown by way of example as an electrical load which can
be activated or deactivated, i.e. switched on or off. The
electrical load 204 may also include a rectifier and means
for voltage averaging to drive motor loads, etc.

[0045] The electrical consumer 200 further comprises
a communication unit 206, which is coupled to a commu-
nication coil 207. The communication unit 206 in con-
junction with the communication coil 207 is used for bi-
directional data exchange with the apparatus 100.
[0046] The electrical consumer 200 further comprises
a control unit 208, which controls the operation of the
electrical consumer 200. The control unit 208 has a data
connection to the switching unit 203 and to the commu-
nication unit 206. The control unit 208 controls, inter alia,
the activating or deactivating of the electrical load 204
by suitable actuation of the switching unit 203 and com-
munication with the apparatus 100.

[0047] Figure 2ashows afirst curve #1 depicting a cur-

10

15

20

25

30

35

40

45

50

55

rent ig flowing in the transmitter coil 101 depending on
the frequency f while the electrical consumer 200 is not
inductively coupled to the transmitter coil 101. Figure 2a
further shows a second curve #2 depicting the current ig
flowing in the transmitter coil 101 depending on the fre-
quency f while the electrical consumer 200 is inductively
coupled to the transmitter coil 101 and the electrical load
204 of the electrical consumer 200 is deactivated. Figure
2afurther shows a third curve #3 depicting a phase angle
between the current ig flowing in the transmitter coil 101
and the pulse-width-modulated control signal A while
the electrical consumer 200 is not inductively coupled to
the transmitter coil 101. Figure 2a further shows a fourth
curve #4 depicting a phase angle between the current ig
flowing in the transmitter coil 101 and the pulse-width-
modulated control signal As while the electrical consumer
200 is inductively coupled to the transmitter coil 101 and
the electrical load 204 of the electrical consumer 200 is
deactivated. The phase angles are scaled between 0°
and 360°, so that phase zero crossing can be easily
shown as a big step from 0° to 360°.

[0048] As depicted, at a first characteristic frequency
fy 4 @ maximum current ig is flowing in the the transmitter
coil 101 or oscillating circuit 103 while the electrical con-
sumer 200 is not inductively coupled to the transmitter
coil 101. Ata second characteristic frequency f, , a max-
imum current i is flowing in the the transmitter coil 101
or oscillating circuit 103 while the electrical consumer
200 is inductively coupled to the transmitter coil 101 and
the electrical load 204 of the electrical consumer 200 is
deactivated. As depicted, at the first characteristic fre-
quency fy 1 and at the second characteristic frequency
fy , the current ig is in phase with the pulse-width-mod-
ulated control signal As.

[0049] For all curves #1 to #4 the receiver impedance
is infinite while the electrical consumer 200 is not induc-
tively coupled to the transmitter coil 101 or at least highly
resistive while the electrical consumer 200 is inductively
coupled to the transmitter coil 101 and the electrical load
204 of the electrical consumer 200 is deactivated, such
that no (or at least very low) currents flow through the
receiver coil 201. Nevertheless, while the electrical con-
sumer 200 is inductively coupled to the transmitter coil
101 the receiver ferrites effect the transmitter inductivity
and thus the characteristic frequency f; 5 is lower than
the characteristic frequency f; 4. -

[0050] Figure 2b shows transfer functions P(f) #5 und
#6 specifying an electrical power transmittable by the ap-
paratus 100 towards the electrical consumer 200 de-
pending on a frequency f while the electrical consumer
200 is inductively coupled to the transmitter coil 101 and
the electrical load 204 of the electrical consumer 200 is
activated. Additionally, the curves #7 and #8 depict a
corresponding phase angle between the current ig flow-
ing in the transmitter coil 101 and the pulse-width-mod-
ulated control signal As. The identical receiver or electri-
cal consumer 200 is used for both curves #5 and #6, but
curve #5 shows the real or measured transfer function
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P(f) considering the cross effect between the apparatus
100 and the electrical consumer 200, wherein curve #6
is calculated without the cross effect, meaning that the
inductivity values of the apparatus 100 and of the elec-
trical consumer 200 are used in the calculation without
considering the coupling effects between the apparatus
100 and the electrical consumer 200.

[0051] The inductivity values of the coils 101 and 201
are known. Nevertheless, the effective inductivity values
are unknown as the cross effect between the coils 101
und 201 occurs only in proximity and may vary signifi-
cantly with distance, alignment and further geometric or
design parameters for different operating conditions.
[0052] The shift in resonance frequency between the
curves #5 and #6 corresponds to the shift in resonance
frequency between the curves #1 and #2, because the
dominant effect on the lower resonance frequency f; is
caused by the transmitter inductivity, while the higher res-
onance frequency f; is more affected by the opposite
cross effect from transmitter ferrites onto the receiver in-
ductivity in relevant manner as well.

[0053] As depicted, the transfer function #5 has a third
characteristic frequency f; 5 and a further specific fre-
quency f; 5. Atthe third characteristic frequency f, 5 and
at the frequency f; 5 the current ig is in phase with the
pulse-width-modulated control signal As.

[0054] According to the invention, the characteristic
frequenciesf; 4,f; oandf, 3 are measured. To measure
the frequencies f, 4, f, , and f, 3, a Phase Locked Loop
(PLL) may be used to force the current ig flowing in the
oscillating circuit 103 or in the transmitter coil 101 to be
in phase with the pulse width modulated control signal
As. According to timing delays, in practical the voltage
step Ag may have a short delay after the determined cur-
rent ig zero crossing The resulting locking frequency is
then determined to be the frequency fy 4, fy 5 or f; 5,
respectively. The frequencies f, 1,f, ,andf, ; may also
be measured by means of a frequency sweep, wherein
at the first characteristic frequency f; 4, the second char-
acteristic frequency f, , and the third characteristic fre-
quency f, 5 a maximum current i is flowing in the oscil-
lating circuit 103. The step of determining the first char-
acteristic frequency f; ¢, the step of determining the sec-
ond characteristic frequency f, , and the step of deter-
mining the third characteristic frequency fo 3 may be per-
formed during a level of the DC Voltage Us e.g. below
30V.

[0055] Then, a specific frequency f, . = fy 3 + Af; is
calculated, wherein Af, = fy 4 - f; 5. -

[0056] Design parameters as the receiver load quality
factor Q_PRx or the necessary values to calculate the
receiver load quality factor Q_PRx may be communicat-
edtothe apparatus 100 from the electrical consumer 200.
[0057] Reference is now made to figure 3. Figure 3
shows a set of curves specifying a receiver load quality
factor Q_PRx on the Y-axis depending on the specific
frequency f.,,; on the X-axis for different coupling factors
k between the apparatus 100 and the electrical consumer
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200.

[0058] Q_PRXxis calculated based on electrical param-
eters communicated by the electrical consumer 200 to
the apparatus 100 e.g. before operation. The frequency
f.alc is determined as described above. The actual cou-
pling can be determined using figure 3, which is e.g. cal-
culated or measured during a development phase of the
apparatus 100. If fy 5 instead of f, . = fy 3 + Af, would
be used to calculate the relevant operatin_g parameters,
the curves depicted in figure 3 would have large toler-
ances due to the varying cross effect in various coupling
situations.

[0059] Figure 3 further depicts a border line between
an upper area, where transfer functions P(f) having a
double peak characteristic are located, and a lower area,
where transfer functions P(f) having a single peak char-
acteristic are located. The frequency distance between
the two peaks decreases for transfer functions close to
the border line, so that these transfer functions have a
wider frequency range with nearly no change on the
transferred power.

[0060] In practical, the coupling analysis runs inverse,
meaning Q_PRXxis calculated based on electrical param-
eters communicated by the receiver 200 to the transmit-
ter 100 before operation. The frequency f., . is deter-
mined according to the described method, then the actual
coupling can be looked up using figure 3, which was cre-
ated and implemented during development phase of the
transmitter 100.

[0061] In order to explain the outcome of figure 3, an
electrical consumer 200 having a Q_PRx of 1,6 is as-
sessed for various determined f_, .. If f;5c equals 24,8
kHz, then the coupling factor k between the apparatus
100 and the electrical consumer 200 is approximately
0,4 and the resulting transfer function has a single peak.
Ifinsteadf,,.equals e.g.to 22,3 kHz forthe same Q_PRx
of 1,6, the coupling factor k is approximately 0,75 and
the transfer function has two peaks. If f,; is determined
around 23,6 kHz, then the transfer function has some
bigger frequency range with approximately constant
power.

[0062] Further,animpedance atthe third characteristic
frequency fy 5 is measured. The measurement of fy 3 is
performed using a known voltage level of the voltage As,
such that the impedance can be calculated using the
measured currentig. This allows the estimation of apower
level at the frequency f, 5 with a duty cycle of 50 % when
driving the inverter 102 with mains voltage level for Us.
In a next step, the control unit 116 can calculate an ap-
propriate duty cycle for some required power level.
[0063] High currents indicate a low impedance at the
third characteristic frequency f, ;. Above a predeter-
mined current threshold, power transfer is not started at
the characteristic frequency f;, 5. Instead a start frequen-
cy equalto or higher than the higher resonance frequency
f is used to avoid high losses on the switching elements
109, 110 due to low duty cycle operation with very high
switching currents.
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Claims

Method of operating an apparatus (100) for wireless-
ly transmitting electrical power in the direction of an
electrical consumer (200) by means of inductive cou-
pling, wherein the apparatus (100) comprises:

- a rectifier (108) for generating a DC Voltage
(Us) based on an alternating mains voltage (Uy),
-aninverter (102) being supplied by the DC volt-
age (Us), the inverter (102) being adapted to
generate a pulse width modulated control signal
(As), and

- a transmitter coil (101) being supplied with the
pulse width modulated control signal (As),
wherein the transmitter coil (101) is adapted to
generate an alternating magnetic field being
used to wirelessly transmit the electrical power
in the direction of the electrical consumer (200),

the method comprising the steps:

- determining a first characteristic frequency f;, 4
of an oscillating circuit (103) comprising the
transmitter coil (101), while the electrical con-
sumer (200) is not inductively coupled to the
transmitter coil (101),

- determining a second characteristic frequency
fy o ofthe oscillating circuit (103) comprising the
transmitter coil (101), while the electrical con-
sumer (200) is inductively coupled to the trans-
mitter coil (101) and an electrical load (204) of
the electrical consumer (200) is deactivated,
and

- operating the apparatus (100) depending on a
frequency difference Af, =1y 4 -1y 5.

2. Method according to claim 1, characterized by the

step

- determining a third characteristic frequency
fy 3 ofthe oscillating circuit (103) comprising the
transmitter coil (101), while the electrical con-
sumer (200) is inductively coupled to the trans-
mitter coil (101) and the electrical load (204) of
the electrical consumer (200) is activated, and
- operating the apparatus (100) depending on a
frequency f . = fy 3 + Af..

3. Method according to claim 2, characterized by the

step

- estimating a characteristic of a transfer function
P(f) depending on the frequency f., . and de-
pending on design parameters of the electrical
consumer (200), wherein the transfer function
P(f) specifies an electrical power transmittable

by the apparatus (100) depending on an oper-
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ating frequency, and the design parameters of
the electrical consumer (200) specify electrical
and/or mechanical properties of the electrical
consumer (200).

Method according to claim 3, characterized in that

- the characteristic of the transfer function P(f)
specifies if the transfer function P(f) has one
peak or two peaks.

Method according to claim 3 or 4, characterized by
the step

- setting a frequency and/or a duty cycle of the
pulse width modulated control signal (As) for the
transmission of power depending on the char-
acteristic of the transfer function P(f).

Method according to one of claims 2 to 5, charac-
terized by the step

- determining an impedance at the third charac-
teristic frequency f; 5, wherein the frequency (f)
and/or the duty cycle of the pulse width modu-
lated control signal (Ag) is set for the transmis-
sion of power depending on the impedance at
the third characteristic frequency f; 5.

Method according to claim 6, characterized in that

- the frequency (f) of the pulse width modulated
control signal (Ay) is set in a frequency range of
the third characteristic frequency fy 3 orin a fre-
quency range higher than a frequency of the
second peak of the transfer function P(f) de-
pending on the impedance at the third charac-
teristic frequency f; 5.

8. Method according to one of the preceding claims,

characterized in that

- at the first characteristic frequency f; ¢, at the
second characteristic frequency f, , and at the
third characteristic frequency f, 5 a current (ig)
flowing in the oscillating circuit (103) is in phase
with the pulse width modulated control signal
(As).

9. Method according to one of the preceding claims,

characterized in that

- at the first characteristic frequency f, 4, at the
second characteristic frequency f, , and at the
third characteristic frequency f, 3 a maximum
current (ig) is flowing in the oscillating circuit
(103).
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10. Method according to one of the preceding claims,
characterized by the step

- applying a stimulus signal having a predeter-
mined frequency spectrum to the oscillating cir- 5
cuit (103), wherein at the first characteristic fre-
quency f, 4, at the second characteristic fre-
quency f, , and at the third characteristic fre-
quency fy _3 a frequency spectrum of the current

(is) flowing in the oscillating circuit (103) caused 70
by the stimulus signal has its maximum value.

11. Method according to one of claims 2 to 10, charac-
terized in that
15
- the step of determining the first characteristic
frequency f; 1, the step of determining the sec-
ond characteristic frequency f, , and the step
of determining the third characteristic frequency
fo 3is performed while alevel of the DC Voltage 20
(Us) is below 120 V, in particular below 30 V.

12. System (1000), comprising:

- an apparatus (100) for wirelessly transmitting 25
electrical power in the direction of an electrical
consumer (200) by means of inductive coupling,

the apparatus (100) comprising:

- a rectifier (108) for generating a DC Volt- 30
age (Us) based on an alternating mains volt-

age (Uy),

-aninverter (102) being supplied by the DC
voltage (Us), the inverter (102) being adapt-

ed togenerate a pulse width modulated con- 35
trol signal (As), and

- a transmitter coil (101) being supplied with

the pulse width modulated control signal
(As), wherein the transmitter coil (101) is
adapted to generate an alternating magnet- 40
ic field being used to wirelessly transmit the
electrical power in the direction of the elec-
trical consumer (200), and

- an electrical consumer (200), 45
- wherein the apparatus (100) and the electrical
consumer (200) are adapted to perform a meth-

od according to one of the preceding claims.

50

55
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